Abstract: A novel long-range surface plasmon with graphene is proposed to enhance the sensitivity and detection accuracy (DA) of the biosensor. Compared with the conventional long-range surface plasmon resonance (LRSPR) structure with Au, the coating of the metal surface with graphene is employed to increase the biomolecules adsorption, prevent oxidation, and enhance the sensitivity and DA. Furthermore, we demonstrated that the sensitivity has a nearly tenfold improvement with a huge increasing DA in the proposed LRSPR biosensor compared with the SPR biosensor. Finally, we discuss the influence of the refractive index of sensing medium on the LRSPR biosensor and find that the sensitivity is changing with the refractive index of the sensing medium and that an optimal sensitivity can be obtained at a suitable refractive index. We believe that this scheme could find potential applications in chemical examination, medical diagnosis, and biological detection.
Introduction
The phenomena of surface plasmon resonance (SPR) based on Kretschmann configuration occur [1] , [2] when the electromagnetic waves coupled to collective electron oscillations, and then, the surface plasmon wave is propagating and exponentially decaying along the interface of metal-dielectric. SPR is potentially great value for practical applications such as biological analysis [3] - [7] , THz filter [8] , and optical bistability [9] . Moreover, SPR is largely employed in sensing devices that the SPR sensor offer much unparalleled advantages such as high reliability and real-time analysis with very high sensitivity [10] . However, the SPR sensors have a limitation that the reflectance-angle ðR À Þ curves are board, thereby limiting the detection accuracy (DA).
Sarid proposed a configuration based on the long-rang surface plasmon polariton (LRSPP) by embedding an intermediate between the prism and the metal thin film and a TM-polarized surface plasmon wave excites along the metal-dielectric interface in 1981 [11] . From then on, a lot of representative studies based on LRSPP were coming out. Matsubara et al. described the application of long-range SPR (LRSPR) geometry to SPR sensors to obtain a higher analysis precision [12] . Yang et al. analyzed the excited conditions of the long-range surface modes for the symmetric and asymmetric geometries supported by thin films [13] . Charette et al. presented a biosensor based on LRSPP. Compared to the conventional surface plasmon wave, the long-range surface plasmon wave can have a greater depth of penetration for analytes, and therefore, shows a higher sensitivity for the measurements involving molecular content redistribution associated with cellular morphology changes [14] . In an excitation geometry of LRSPP, the R À curve is narrower, as compared to the regular SPR geometry [15] . However, the demands to develop a higher sensitivity, better DA and more stable LRSPR-based sensors are ever increasing. In the conventional SPR and LRSPR-based sensors, Au is usually adopted as the metal component, but it does not susceptible to oxidation and does not react with most chemicals [16] , [17] . Moreover, these Aubased sensors still have some deficiencies that the sensitivity and DA are low. In order to get a higher sensitivity, better DA and more stable biosensor, we propose a new LRSPR biosensor based on metal-graphene configuration to replace the traditional structure based on Au.
Graphene as a new material has drew a widely attention in recent years due to its unparalleled electrical, optical, magnetic, thermal and mechanical properties [18] - [20] . It widely used in many field, such as, energy technology [21] , ultrafast laser [22] , biological engineering [23] - [25] , and optical modulator [26] . Moreover, graphene has an excellent optoelectronic characteristic with a high surface to volume ratio [27] and tunable biocompatibility [28] that is ideal for applications in the optical biosensor to realize higher sensitivity and DA. Graphene can be integrated into a biosensor as the plasmonic supporting material [29] to detect aromatic molecules and single-stranded DNA (ssDNA) through R À stacking interactions [30] , [31] . More importantly, owing to the ability of graphene to support the electromagnetic waves coupled to the charge carriers, combining graphene with metal film to enhance SPR has also attracted considerable attention [32] . In this paper, we have compared the proposed LRSPR biosensor to the conventional LRSPR biosensor and the SPR biosensor. It is found that the proposed LRSPR biosensors based on metal-graphene configuration can have a huge boost to the sensitivity and DA. We believe that this scheme could find potential applications in chemical examination, medical diagnosis, and biological detection.
Design Consideration and Theoretical Model
A new LRSPR biosensor based on metal-graphene is proposed as shown in Fig. 1(b) . In this structure, a cytop thin film with the thickness of 2 um was deposited onto the chalcogenide glass (2S2G) prism, and then, the cytop film is coated with the metal thin film with the thickness of 15 nm followed by graphene layer as biomolecular recognition element. Here, the 2S2G glass has been used as the coupling prism due to its high refractive index. The thickness of graphene is taken as d G ¼ L Â 0:34 nm (where L is the number of graphene layer). The excitation light wavelength used for the LRSPR sensing is 633 nm. The TM-polarized light incidents from one side of the 2S2G glass prism and the reflective light can be received at the other side through a photo detector.
Refractive Index or Dielectric Constant of Every Layer
The refractive index ðn 1 Þ of the 2S2G glass prism is calculated from the following relation [33] :
where is the wavelength of incident light in micrometers. Next, due to the close refractive index of cytop thin film ðn c ¼ 1:34Þ and the sensing medium ðn s ¼ 1:33Þ at ¼ 633 nm, the configuration meets the condition to excite LRSPPs ðj" c À " s j ( " c ; " s Þ. Furthermore, according to the Drude-Lorentz model, the dielectric constant of metal layer is given as [34] AQ1 À5 m, respectively. Finally, the refractive index of graphene in visible range is given as the following formula [35] :
where C 1 % 5:446 um À1 , and is the vacuum wavelength in micrometers.
Reflectance ðR p Þ and Sensitivity ðSÞ
Here, we apply the transfer matrix method [36] to analyze the reflectance of the incident TM-polarized light. In the proposed structure, all layers stack along in the z-direction and each layer is defined by their thickness ðd k Þ, refractive index ðn k Þ and dielectric constant ð" k Þ. The tangential fields at first boundary is set as Z ¼ Z 1 ¼ 0, and the relation of tangential fields between first and final boundary Z ¼ Z NÀ1 is given as [37] 
where U 1 and V 1 are, respectively the electric and magnetic fields at the boundary of first layer, U NÀ1 and V NÀ1 are respectively the electric and magnetic at the boundary of Nth layer. M is the characteristic transfer matrix of the combined N-layer structure. For TM-polarization light, M is given as [38] , [39] 
with
where
Here, 1 is the incident angle at the base of 2S2G glass prism. Appling the transfer matrix method for N-layer model, we can obtain four elements M 11 , M 12 , M 21 , and M 22 of M. Using these elements to calculate the total reflection coefficient r p for TM-polarization light, we can get the relation as follows [40] :
Finally, the reflectance ðR p Þ of N-layer model for p-polarization is given by
The change in the refractive index ðn s Þ of the sensing medium can lead to a change in reflectance ðRÞ, and the large change in R can produce a high sensitivity ðSÞ; therefore, the sensitivity can be defined as follows:
From the reflective curves for the proposed SPR sensor, we can obtain the full width at half maximum (FWHM), then we can get the DA as follows [41] :
To the high performance sensor, the DA should be as high as possible. It is obvious that the DA is inversely proportion to FWHM; therefore, a narrower FWHM will produce a higher DA. Fig. 2 (a) has shown the relationship between incident angle and reflectance for the proposed configuration and the conventional configuration. The black curve represents the variation of reflectance with regard to the incident angle when the metal layer is gold (Au) for the conventional LRSPR biosensor. The green curve, the red curve and the blue curve are, respectively, the relationship between incident angle and reflectance of the configuration based on Al-graphene, Cu-graphene and Ag-graphene for the proposed LRSPR biosensor. Fig. 2(b) gives the corresponding variation of sensitivity with regard to the change of incident angle for Fig. 2(a) , in which we can obtain the maximum sensitivity as high as 1589 RIU −1 (at ¼ 34:71 ) depending on the incident angle and the surroundings materials in the proposed configuration based on Cu-graphene to excite the LRSPPs. The sensitivity of the configuration based on Al-graphene and Ag-graphene are 1430 RIU −1 (at ¼ 34:69 ) and 1150 RIU −1 (at ¼ 34:72 ) in the proposed LRSPR biosensor, respectively. The black line is the sensitivity curve for conventional LRSPR biosensor and its peak sensitivity is 853 RIU −1 (at ¼ 34:73 ). From the results discussed above, it is visible that the proposed LRSPR biosensor will have an enhanced sensitivity compares to the conventional LRSPR biosensor.
Results and Discussions
The electric field distributions in the proposed configuration with Cu thin film are shown in Fig. 3 . Fig. 3(a) is the diagram of electric field distribution for the configuration without graphene. It has shown that the variation of electric field distribution with the distance at the 2S2G/Cytop interface varying from 0 nm to 2015 nm when ¼ 34:7057 (resonance angle). The inset figure is the enlarged view with the distance varying from 1990 nm to 2015 nm. Fig. 3(b) is the diagram of electric field distribution for the configuration with monolayer grapheme-Cu configuration. It has shown the variation of electric field distribution with the distance from the 2S2G/Cytop interface varying from 0 nm to 2015.34 nm when ¼ 34:7227 (resonance angle). The inside figure is the enlarged view with the distance varying from 1990 nm to 2015.34 nm. From Fig. 3 we can see clear that the electric field distributions in the Cu thin film will decrease and then increase to the largest. Comparing Fig. 3(a) with (b) we can find that the configuration with monolayer graphene can have a huge increase of electric field compared to the configuration without graphene layer. The similar conclusions can be found in the configurations with Ag film or Al film. This electrical field enhancement originates from the enhanced SPP at the grapheme-metal interface, and which can attribute to the variations of the sensitivity and DA in Fig. 2(b) . Fig. 1(c) has shown the schematic diagram of SPR biosensor. From earlier study, the standard SPR biosensor based on Al-graphene has the maximum sensitivity as high as 292 RIU −1 (the optimal thickness of Al is 42 nm) as the red SPR curve shows in Fig. 4(a) . Moreover, the highest sensitivity for the standard SPR biosensor based on Cu-graphene and Ag-graphene are 230 RIU −1 ðd Cu ¼ 57 nmÞ and 118 RIU −1 ðd Ag ¼ 55 nmÞ. The blue curves in Fig. 4(a) -(c) have shown the relation between reflectance and incident angle for LRSPR biosensor and SPR biosensor. From the figure, it is obvious that we can obtain a deepest and narrow dip from the proposed LRSPR configuration as compared with the standard SPR configuration. The FWHM of LRSPR and SPR biosensor are 0.0115°and 0.1408°for Al-graphene based configuration, 0.0099°and 0.1869°for Cu-graphene based configuration, 0.0123°and 0.3854°for Ag-graphene based configuration, respectively. From the red curves, it is clear that the proposed LRSPR biosensor has a higher sensitivity than the standard SPR biosensor. Henceforth, we carried out our study of biosensor based on LRSPP to design a high performance biosensor, as shown in Fig. 1(b) .
The number of graphene layer is also an important factor to affect the performance of the proposed biosensor. Fig. 5 illustrates the variation of reflectance with incident angle varying from 34.65°to 34.85°for the different number of graphene layer at ¼ 633 nm. Fig. 5(a) and (c) have shown that the different number of graphene layer has an important influence on the reflectance. As the increase of graphene layer, the dip of LRSPR reflectance curve will get shallower and the FWHM will broaden due to the absorbing graphene layer. In addition, the resonance angle of LRSPR reflectance curve will shift from low angle to high angle with the increase of graphene layer as shown in Fig. 5(b) . DA is also an important factor to reflect the performance of the biosensor. The curves in Fig. 5(d) have shown the decrease of DA with the layer number of graphene varying from 1 to 9. The reason is attributed to the fact that the reflectance curves broaden with the application of graphene layer. Although the DA is decreasing with the increase of graphene layer, the DA is still high. The DA for the proposed biosensor based on Al-graphene, Cu-graphene, and Ag-graphene are as high as 87 deg −1 , 101 deg
, and 81 deg −1 , respectively, when L ¼ 1 at ¼ 633 nm, which is far more than the previous best result of 23.3 deg −1 . Fig. 6 illustrates the variation of peak sensitivity with respect to the number of graphene layer for the proposed LRSPR biosensor based on Al-graphene, Cu-graphene, and Ag-graphene, respectively, at ¼ 633 nm. The black dashed line represents the peak sensitivity (853 RIU −1 ) for the conventional LRSPR biosensor. From the figure, it is evident that the proposed LRSPR biosensor based on Al-graphene and Cu-Ggraphene with L 9 2 will have a higher sensitivity than 853 RIU −1 for conventional LRSPR biosensor based on Au. The proposed LRSPR biosensor based on Ag-graphene with L ¼ 1 will also has a larger sensitivity as compared with the conventional LRSPR biosensor. In the figure, we also compared the structure with graphene to the structure without graphene, the results show that the sensitivity of the proposed LRSPR biosensor is decreasing with the increasing number of graphene layer due to the increased loss within graphene layer. Although the sensitivity of the structure with graphene less than that the structure without graphene, it is to be noticed that the sensitivity is still very high with monolayer of graphene. Cu, Al, and Ag show a more sensitive LRSPR response than Au but have low chemical stability. The graphene layer can enhance the absorption of biomolecules and prevented the oxidizable metals from oxidized. Graphene layer is an important part of the proposed LRSPR biosensor to improve the configuration's stability and biocompatibility.
Up to now, the above results are discussed at n s ¼ 1:33. However, the proposed LRSPR biosensor is equally applicable to other refractive index of sensing medium. We also study the sensitivity change with different refractive index of sensing medium as shown in Fig. 7 . The figure has shown the variation of peak sensitivity with respect to the increase of refractive index of sensing medium for the proposed LRSPR biosensor based on Al-graphene, Cu-graphene, and Ag-graphene, respectively. With the refractive index of sensing medium varying from 1.330 to 1.355, the peak sensitive of the proposed LRSPR biosensor is firstly increased and then decreased. It is obviously that there is an optimal refractive index where we can get the highest sensitivity. The proposed biosensor based on Al-graphene and Cu-graphene will get the highest sensitivity (2188 RIU −1 and 2296 RIU −1 ) at n s ¼ 1:341, and the configuration based on Ag-graphene can obtain the highest sensitivity as high as 1268 RIU −1 at n s ¼ 1:335.
Conclusion
In our study, we have proposed a new LRSPR biosensor base on metal-graphene to enhance the sensitivity and DA. Compared with the conventional LRSPR biosensor based on gold, the sensitivity of proposed LRSPR biosensor will have a large improvement. Moreover, the sensitivity of proposed LRSPR biosensor is nearly 10 times more than the standard SPR biosensor based on Cu-graphene. The graphene layer is used to enhance the surface plasmons of metal, enhance the absorption of biomolecules, and prevent the oxidizable metals from oxidized. With such an excellent performance, we believe that this novel structure can play an active role in the field of optical sensing technology.
